Ion imprinted polymer monoliths (IIMs) for the adsorption of Hg(II) ions in tablet form were prepared by forming a mercury ion (template ion) complex with 2-(methacryloyloxy)ethyl trimethylammonium cysteine (ligand) and thermally copolymerized with a monomer (methacrylic acid), cross-linker (ethylene glycol dimethacrylate), initiator (benzoyl peroxide) and porogen (acetonitrile) in the polyethylene tube (drinking straw) as a mould. The formed composite was thoroughly characterized by means of FTIR, TGA, FESEM and BET, and further tested by applying the changes in solution pH, concentration, contact time, recycle test and selectivity. The analysis revealed that the activity of the materials was maximum at pH 4.7 and adsorption capacity of Hg(II) by IIMs followed the Langmuir isotherm model. The adsorption equilibrium was achieved after 120 min and followed the second-order reversible kinetics. In addition, we found that the IIMs were reusable up to 15 cycles and exhibited good selectivity towards the Hg(II) ions even in the presence of other interference ions such as Pb(II), Cd(II), As(II) and Cr(III). On further testing for the recovery of Hg(II) ions in real-time aqueous samples (contaminated petrochemical and mining industries), the IIM tablets showed higher selectivity and excellent reusability. In summary, we indicate that the IIMs are easy to prepare, possess high levels of permeability, porosity and selectivity, and offer excellent reusability, thereby making them one of the promising candidates for the successful removal of mercury ions from industrial samples.
MERCURY (Hg) is one among many different toxic heavy metal contaminants commonly found in the environment, where its toxicity effects have been studied well for centuries 1 . The principal anthropogenic sources of mercury contamination in the environment are the petrochemical industries 2 , urban releases, agricultural wastes, mining and coal combustion effusions, industrial expulsions 3 , metal refining, manufacturing and chloralkali production units 4 , to mention a few. The released mercuric compounds undergo complex transformations in the environment that can be physical, chemical or biological. The effects of mercury or its ions in the feeds of processing systems can be system degeneration, toxic waste production and catalyst poisoning. All these factors reduce the quality of the final products, in addition to the health risk and safety of workers 5 . When the mercury from industries gets deposited in waterways, anaerobic bacteria convert it into methyl-mercury 6 , which is more toxic and participates further in a protein-binding reaction in the organisms. In another approach, mercury toxicity influences human health by entering the food chain through its accumulation in fish 3, 6 . The symptoms of Hg poisioning can be numerous and come into action either immediately or after a prolonged period of time. The high exposure of mercury can cause kidney dysfunction, respiratory failure and even death 7 . In recent years, solid-phase extraction (SPE) is a commonly applied method for the separation of heavy metal ions due to its attractive features such as safety, flexibility, economy, nature-friendly, free of emulsion, fast, accuracy, ease of sampling and automation 8 . Also, the SPE method by the use of ion imprinted polymers (IIPs) is the most popular approach for the preconcentration and recovery of trace metals 9 . The IIPs have been identified as highly suitable materials for the selective adsorption of toxic metal ions in the SPE approach 8 . Using IIPs as adsorbents is the most suitable method for removing Hg(II) ions from the aqueous waste-water samples due to the high amounts of loading, enhanced selectivity, specificity, low cost and easy method of preparation 10 . The most widely used method for the preparation of IIPs in particulate form is the traditional polymerization method, where the bulk IIPs need to be crushed first followed by grinding and sieving through a mesh. The particles formed are mostly irregularly shaped with varying sizes and this significantly reduces the adsorption efficiency. In order to overcome this, spherical IIPs are formed by diffierent methods, including the swelling method 11, 12 , suspension and precipitation polymerization 13 and surface imprinting on the spherical polymer or silica 14 . Similarly, the ion imprinting polymer monoliths (IIMs) are prepared using the moulding technique, as the strategy enables to directly synthesize the IIMs formed with enhanced resolution, low back pressure and enriched flow rate. Furthermore, the amount of template ions used for the preparation of IIMs in the moulding technique is far less compared to other synthesis techniques. In addition, the IIMs formed display enhanced porosity, enriched permeability and higher surface areas 15 . In the present study, 2-(methacryloyloxy)ethyltrimethylammonium cysteine (MAETC) has been chosen as the metal complexing monomer. The preparation of Hg(II) imprinted polymethacrylic acid MAETC monolithic IIMs in tablet form was done using 0.5% thiourea per 0.05 M HCl solution. The IIMs formed were characterized using Fourier-transform infrared spectroscopy (FTIR), field emission scanning electron microscopy (FESEM), thermo-gravimetric analysis (TGA), Barrett-JoynerHalenda (BJH) and Brunauer-Emmett-Teller (BET) analysis. For the testing of IIMs, adsorption of Hg(II) ions from the aqueous solutions was investigated by applying the changes in terms of pH, concentration, contact time, selectivity for Hg(II) and reusability. Further, the synthesized IIMs were tested for separation of Hg(II) ions from different industrial water samples that included the contaminated mining and petrochemical industries.
Materials and methods

Reagents
An aqueous solution stock in the range 10-400 g/l was prepared by diluting 1000 mg/l of standard mercury nitrate (Hg(NO 3 ) 2 ) (Sigma Aldrich, USA) in deionized water (obtained with a thermo scientific water system, Barnstead Nanopure, Waltham, Massachusetts, USA) using a volumetric flask. Sodium nitrate (NaNO 3 ), potassium carbonate (K 2 CO 3 ), ethyl acetate, thiourea, sodium hydroxide (NaOH), L-cysteine, ethylene glycol dimethacrylate (EGDMA), 2-hydroxyethyl methacrylate (HEMA) and methacryloyl(oxyethyl)trimethyl ammonium chloride (MOTAC) were purchased from Sigma Aldrich. Methacrylic acid (MAA), cadmium standard for AAS and lead standard for AAS were purchased from Fluka, Shanghai, China. Acetonitrile (ACN), benzoyl peroxide (BPO) and nitric acid (HNO 3 ) were the products of R&M Chemicals, Selangor, Malaysia. Methanol, hydrochloric acid (HCl) and ethanol were obtained from J.T. Baker, Selangor, Malaysia. Chromium (III) nitrate (Cr(NO 3 ) 3 ) and arsenic trichloride standard for AAS were obtained from Spectrosol, USA. Polyethylene tubes (drinking straw) were purchased from a local departmental store (Seri Kembangan, Selangor, Malaysia) and river water (contaminated mining of bauxite industry) was collected from Balok, Kuantan, Pahang, Malaysia. Waste water and condensate (contaminated petrochemical industry) were collected from Kerteh, Terengganu, Malaysia.
Synthesis of MAETC ligand
The synthesis of MAETC as a ligand is important to produce the required IIMs. The experimental procedure was conducted as follows: 5 g of cysteine and 0.2 g of sodium nitrate were dissolved in 30 ml of K 2 CO 3 aqueous solution (5% v/v), followed by cooling to 0C in a refrigerator. To this solution, about 4 ml of MOTAC was added slowly, with stirring under nitrogen atmosphere for 3 h at room temperature using a magnetic stirrer. The pH was maintained at 7.0, followed by extraction using ethyl acetate. Further evaporation of the aqueous phase on a rotary evaporator resulted in the formation of crystals which were crystallized in ethanol and ethyl acetate. The MAETC product formed was dried in an oven and the dried product was transferred to the next level for the preparation of IIMs.
Preparation of IIMs
The IIMs were prepared using the thermal polymerization method by dissolving 2 mmol of MAETC and 0.5 mmol of Hg(NO 3 ) 2 as a template in methanol (total volume 50 ml). The solution was stirred for 2 h at room temperature. Then 5 ml of MAETC-Hg solution was pipetted into a 5 ml beaker and a series of solutions were added, such as 6 mmol MAA as functional monomer, 3 mmol HEMA as co-monomer, 30 mmol EGDMA as cross-linker, 20 ml ACN as porogen and 0.1 g BPO as an initiator. At this state, the mixture was stirred for 30 min with nitrogen gas purging and then sealed. Next, the mixture was transferred into a mould (drinking straws) which was then transferred to a water bath maintained at 70C to undergo the polymerization process. This process was repeated for 4 h and the polymers formed were cut into small pieces. Figure 1 shows the formation of IIMs in tablet form using drinking straws as a mould. The extraction of IIMs with methanol/water mixture (60/40 v/v) was repeated several times for removing the unreacted monomers and any other ingredients. Then, the IIMs were washed with 0.5% thiourea in 0.05 M HCl solution for the extraction of template ions (Hg(II)). This process was continued multiple times until the template ions were absent in the filtrate when tested using the inductively coupled plasmamass spectrometry (ICP-MS) technique. The template ions of Hg(II) (free particles) were removed by washing with a solution of 0.1 M HNO 3 for 3 h. Figure 2 shows the mechanism for preparation of IIMs.
Characterization of synthesized IIMs
The FTIR spectroscopic analysis was carried out using Perkin Elmer model 100 series (CT, USA) in the infrared range 4000-200 cm -1 . For the analysis of samples, the IIMs were applied to universal attenuated total reflectance (UATR) technique. Thermal studies by means of TGA analyses were performed on a Metler Toledo TGA/SDTA 851e model (Metler Toledo, Greifensee, Switzerland). The surface morphology studies by means of FESEM analyses were performed using a JEOL-JSM-7600F model (Tokyo, Japan) operated at an accelerating voltage of 5 kV. The BET surface area analyses for the IIM samples were done by performing nitrogen adsorption at liquid nitrogen temperature (77 K) using Autosorb-1 instrument controlled by Quantachrome AS1Win software. Typically, 0.008-0.010 g of IIM sample was used each time for the surface area analysis. Further, the ICP-MS measurements were performed by ELAN DRC-e spectrometer (Perkin Elmer SCIEX, Concord, Ontario, Canada) controlled by ELAN instrumental software.
Adsorption studies
The batch experiment technique was adopted for adsorption of Hg(II) ions from aqueous solutions. The IIM adsorption effects against the changes in pH, isotherm, contact time, effect of foreign ions, recycle test and further application towards real-time samples were studied. The adsorption capacity was calculated using the equation
where q (g/g) is the total amount of Hg(II) ions adsorbed, C o and C e are the initial and equilibrium concentrations of the Hg(II) ions (g/l), V (l) the total solution volume and M is the total weight (g) of the IIMs. For the study, the IIMs were first placed in a column which was conditioned with 2 ml each of deionized water and methanol; this was followed by passing of the testng sample through the column and then collecting it at the Following the collection of treated samples, the IIMs were washed several times with 0.5% thiourea in 0.05 M HCl solution. Then, they were dried and weighed before proceeding to the next recycling. The IIMs were also applied for real-time samples such as waste water, condensate (collected from petrochemical industry, Kerteh, Terengganu, Malaysia) and river-water samples (collected from Balok, Pahang, Malaysia) in this study. The waste water, condensate and river-water samples were centrifuged for 10 min (3000 rpm) and filtered to separate the supernatant and oil residue, and the filtered samples (0.1 l) were treated with IIMs (0.1 g) for adsorption studies. Figure 3 shows the FTIR spectra of monomer-MAA, MAETC and IIMs. From the figure, the medium intensity of N-H amines in MAETC can be observed for MAETC and IIMs spectra at 3371 and 3449 cm -1 respectively, but this peak seems to be missing for the monomer-MAA. The broad O-H stretch peak for monomer-MAA and MAETC can be observed at 2923 and 2774 cm -1 respectively. The O-H stretch peak can also be observed for the IIMs at 2960 cm -1 , but the intensity of this peak is smaller compared to monomer-MAA and MAETC. This indicates the formation and interaction of hydrogen bonding between the monomer-MAA and MAETC compounds that has occurred during the polymerization process. The intensity of the broad intermolecular hydrogen-bonded band is reduced considerably, leaving the major band, the free O-H stretching absorption. The spectrum of MAETC shows the characteristic absorbance peak around 2550 cm -1 which can be ascribed to S-H (thiol group) vibrations. However, the S-H peak for the IIMs disappears in the spectra due to the sulfhydryl groups, where they can donate a lone pair of electrons to the empty Hg(II) orbitals, thereby confirming for the formation of MAETC-Hg complex. In addition, all the spectra showed the formation of C=O and C-O of carboxylic groups in the monomer-MAA, MAETC and IIMs compounds; the C=O stretching band appeared at 1690, 1731 and 1720 cm -1 , while the C-O band at 1199, 1290 and 1150 cm -1 for monomer-MAA, MAETC and the IIMs respectively. A stronger and sharper peak could be observed for the IIMs compared to the monomer-MAA and MAETC compounds, this is due to the existence of C=O and C-O bonds in the EGDMA compound as cross-linker. In the spectrum of monomer-MAA, the C=C bond peak found at 1630 cm -1 is absent in the spectrum of IIMs, thereby confirming the complete polymerization of monomer-MAA. Figure 4 shows a comparison of TGA data for MAETC, monomer-MAA and IIMs. For the analysis, appropriate amounts of adsorbent were heated over the range 20-820C and the weight changes were monitored. The initial decomposition temperature (T i ) of monomer-MAA and MAETC were 35C and 133C, while the final decomposition temperature (T f ) was 148C and 448C respectively. However, T i and T f for the IIMs was 194C and 491C respectively. The thermogram for the IIMs also shows that the adsorbent can withstand any weight loss up to 150C. This indicates that the thermal stability of monomer-MAA and MAETC is lower than the IIM polymer due to their low molecular weights compared to the polymer network. From the analysis of these results, it can be confirmed that the IIMs can successfully be employed as adsorbents even at high temperature conditions. Figure 5 a and b shows the surface morphology of the prepared IIMs under 10,000 and 50,000 magnification respectively. The figure clearly indicates that there are many mesopores and flow-through pores in the skeleton. The globular, aggregated, crosslinked and porous structure in the IIMs indicate that they have the ability to provide flow paths through themonolithic polymers and would be beneficial for ionic adsorption/desorption purposes.
Results and discussion
Physical characterization of IIMs FTIR of IIMs:
Thermal stability of IIMs:
Morphology of IIMs:
Surface area and porosity of IIMs:
The surface area and porosity analyses were performed by nitrogen adsorption-desorption method. Figure 6 shows the typical BET nitrogen sorption isotherms and overlap with the typical BJH adsorption pore size distribution curves of the IIMs. The analysis shows that the adsorbents follow the typical 'type IV' adsorption-desorption isotherm, this is in agreement with the capillary condensation phenomenon that usually occurs in the mesoporous materials. The BJH curves also show mesoporous material with a pore size diameter of around 3.82 nm. These pores allow Hg(II) ions to flow through the IIMs with a very low flow resistance. Moreover, the IIMs have a large specific surface area (73.16 m 2 /g) and average pore volume (0.24 cm 3 /g).
Adsorption studies
Effect of pH: Figure 7 shows the effect of pH towards the adsorption capacity of Hg(II) ions by the IIMs. The figure indicates that the adsorption capacity increases rapidly with an increase in pH in the 2.0-4.7 range, while it decreases at pH > 4.7. At pH < 5, more H + ions are available in the solution which mostly prevent the Hg(II) ions from entering the adsorption sites of the IIMs. In other words, the higher H + concentration in the sample solution results in the generation of positively charged IIMs, which mostly decreases the adsorption capacity of the IIMs by reducing the interactions between the IIM sites and the Hg(II) ions 16 . However, decrease in the adsorption capacity of the IIMs at pH > 5 is expected and is mostly due to an increase in the number of species like OH -and Hg(OH) 2 in the solution 17 . In addition, the negatively charged surface of the IIMs makes it difficult for the major Hg(II) species present to bind due to the electrostatic repulsions created. Also, the maximum adsorption takes place at pH 4.7 (original pH) and at this pH, the adsorption capacity of Hg(II) is high due to the presence of dominant soluble Hg(II) ions in solution. Therefore, pH 4.7 was selected as optimal for subsequent analyses.
Isotherm study: Isotherm study investigates the effect of concentration towards the adsorption capacity. We plotted the concentration of Hg(II) adsorbed onto the IIM sites versus Hg(II) free (initial concentration of Hg(II)) in solution 18 . Figure 8 shows the adsorption capacity of Hg(II) ions removal at a range of concentrations (5, Then, the adsorption data obtained were fitted to two well-known adsorption models, Langmuir and Freundlich isotherm models.
These two models are generally used to explain adsorption equilibrium over the entire studied concentration range. In the Langmuir model, adsorption is assumed to occur uniformly on the active sites of the IIMs by assuming a monolayer adsorption 18 . The Langmuir isotherm is represented by the equation 19 e e e L L L 1 ,
where q e is the concentration of Hg(II) ions adsorbed by the IIMs at equilibrium (g/g), C e the concentration of Hg(II) ions at equilibrium (g/l), K L the maximum monolayer sorption capacity of the sorbent (g/g) and b L is the Langmuir isotherm constant related to energy of sorption (l/g). The linearity of the plot indicates the capability of the Langmuir isotherm. However, based on the multilayer adsorption (heterogenous surface), the Freundlich isotherm provides a relationship between the equilibrium liquid and solid phase capacity 18 . The linear equation can be expressed as 19 ln q e = ln
where K F stands for the adsorption capacity (g/g), b F the empirical parameter related to adsorption intensity. Figure 9 a and b shows the graph of Langmuir and Freundlich isotherm Hg(II) ions sorption by the IIMs. The graph is linear with a slope of 1/K L and intercept of 1/K L b L , where K L gives the theoretical monolayer saturation capacity. The b F constant can be calculated from the slope of the graph, while K F can be calculated from the interception value at y-axis. Table 1 provides both parameters obtained by Langmuir and Freundlich models for the adsorption of Hg(II) ions by the IIMs. Based on the table, the Langmuir model has higher correlation coefficient (R 2 = 0.951) compared to the Freundlich model (R 2 = 0.876). The K L value calculated (37.313 g/g) by making use of the Langmuir model is close to experimental q max value (35.151 g/g), as against the K F value (5.243 g/g) obtained from Freundlich model. From the analysis therefore, it can be concluded that the IIMs adsorption of Hg(II) ions are following the Langmuir isotherm model, and the adsorption phenomenon is monolayer (homogeneous surface).
Effect of time:
Effect of time or kinetic study is an important parameter required for investigating the adsorption rate of Hg(II) ions at the available binding sites of the IIMs. Figure 10 shows a comparison of Hg(II) ions adsorption by the IIMs over a range of time (2-120 min) when the other parameters are constant. The graph indicates that the adsorption capacity increases with respect to time for the first 60 min and further increase in time makes the Hg(II) adsorption constant, which approaches an equilibrium when the adsorption time is increased further. The highest adsorption of Hg(II) ions by the IIMs is 45.63 g/g at 120 min. The adsorption data obtained were analysed using first-and second-order kinetic models.
The first-order rate model (eq. (4)) was used for analysing the sorption kinetic model as
After the definite integration and by applying the initial condition q = 0 at t = 0 to eq. (4), we get 20 ln (q e -q) = ln q e -k 1 t.
where q e and q denote the adsorption capacity of Hg(II) ions (g/g) at equilibrium and at time t respectively, and k 1 is the first-order rate constant (min -1 ). Figure 11 a shows the pseudo first-order model for the sorption of Hg(II) ions by the IIMs. k 1 can be calculated from the slope of the graph, while the q e can be obtained from the interception value at the y-axis.
By making use of the pseudo second-order equation (eq. (6)), the sorption kinetics data for the adsorption of Hg(II) ions were also analysed 
where q e is the adsorption capacity of Hg(II) ions at equilibrium (g/g), k 2 the second-order rate constant (min -1 ) and q is the adsorption capacity (g/g). Figure 11 b shows the pseudo second-order model for the sorption of Hg(II) ions by the IIMs. The value of k 2 can be calculated from the slope of graph, while q e can be calculated from the interception value at the y-axis. Table 2 summarizes the values of rate constant for the IIMs. According to the table, the pseudo second-order model (R 2 = 0.989) provides a better correlation of the sorption data compared to the pseudo first-order model (R 2 = 0.755). The q e value (48.309 g/g) calculated for the second-order model is close to the q e experimental value (45.632 g/g), while the q e value calculated for the first-order model is 23.292 g/g. It can be concluded that in the tested adsorption system of IIMs for the sorption of Hg(II) ions, the pseudo second-order is the most followed pathway compared to the pseudo first-order. Further, the rate-limiting step may be the chemical sorption step that involves the transfer/exchange of valence electrons between the adsorbate and the adsorbent 21 .
Selectivity study: Selectivity and specificity are the key factors in determining the effectiveness of an imprinted polymer. In order to prove the selectivity of IIMs, competitive adsorption of Pb(II), Cd(II), As(II) and Cr(III) towards Hg(II) ions from their model mixture was also investigated. The selected metal ions present in 0.1 l of the total volume of mixture solution (consisting of 10 g/l of concentration of every metal ion) were equilibrated with 0.1 g of IIMs. The adsorption capacity of Hg(II), Pb(II), Cd(II), As(II) and Cr(III) was found to be 7.43, 0.11, 1.15, 0.00 and 0.92 g/g respectively ( Figure  12 ). These values show that the Hg(II) ions have highest adsorption capacity compared to other metal ions. This indicates that the IIMs have good selectivity towards the target ions (Hg(II)) even in the presence of other competitive metal ions. This may be due to the presence of memory cavities with specific size, structure, shape and binding interaction of IIM sites to the target ions 22 .
Recycle test:
The reusability or recycle test of the IIMs for removal of Hg(II) ions was investigated. After each removal test, the IIMs were washed with 0.05% of thiourea for recycling. Figure 13 23 . Thus, it indicates that the IIMs are stable and can serve as good adsorbents.
Testing of real-time aqueous samples:
The developed material was tested for its efficacy in terms of removal of the Hg(II) ions from river water, industrial waste water and condensate samples. The recovery of Hg(II) ions from river, industrial waste and condensate waters was found to be 82.1%, 31.03% and 9.9% respectively (Table  3) . This indicates that the IIMs reveal much higher recovery and recognition ability towards Hg(II) ions in river water (aqueous phase) than in the industrial waste and condensate waters. This may be due to the fact that the river water has similar properties and viscosity with the standard aqueous solution of Hg(II) ions. In addition, the industrial waste and condensate water samples contain many other species such as organic compounds, salts and other metals which have the ability to disturb the interference of Hg(II) ions with the ion imprinting sites during rebinding process 24 .
Conclusion
IIMs in tablet form for the selective removal of Hg(II) ions in aqueous industrial samples were successfully prepared using the moulding technique. The prepared polymer material was characterized for its physical properties by means of FTIR, TGA, FESEM and BET analysis. From the pH-dependent studies, maximum adsorption was found to take place at pH of 4.7. In addition, studies of adsorption isotherms showed that the Langmuir isotherm was preferably followed compared to the corresponding Fruendlich isotherm. Also, the adsorption kinetic study indicated that the pseudo second-order pathway seems to fit well against the pseudo first-order pathway during the Hg(II) ions adsorption process. Further, the most important characteristic feature of the IIMs was their excellent selectivity towards the Hg(II) ions, when other competitive metal ions like Cd(II), Cr(III), Pb(II) and As(II) were present. In addition, we found that the IIM adsorbent had good reusability and could be used more than 15 times for adsorbing Hg(II) ions from aqueous samples. Finally, the efficiency of IIMs towards river, industrial waste and condensate water samples showed that the prepared IIMs in tablet form had specific recognition capability, high recovery and excellent reusability for the removal of Hg(II) ions.
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